A composite consisting of a polymer and calcium carbonate has been synthesized by allowing carbon dioxide to diffuse into a poly(ethylene oxide) film containing a source of calcium ions. The X-ray pattern of the synthetic composite material shows that the least thermodynamically stable polymorph of calcium carbonate, vaterite is the mineral phase which is formed, rather than the most thermodynamically stable calcite phase. This effect has been seen in other reports of crystallization of inorganic phases which have been mediated by a polymer matrix and/or other organic moieties. In this paper, some possible explanations are presented which may help explain this phenomenon.
INTRODUCTION
The crystallization behavior of calcium carbonate (CaCO 3 ) is important for multiple reasons. Although it is not the most technologically important material, CaCO 3 is an unwanted problem in many industries, including the paper industry 1 and in water treatment 2 . Recent work is also showing that it can indeed be a beneficial component in the formation of polymer 3 and plastic/rubber 4 CaCO 3 nanocomposites with improved properties. Perhaps the most important reason is trying to understand how living organisms control the crystallization of CaCO 3 in various skeletal parts; such an understanding might provide access to new synthetic strategies and novel or functional materials, as well providing insight into the biomineralization process 5, 6 . One approach to mimicking the natural biomineralization process and/or attempting to control or affect the crystallization behavior of CaCO 3 is to carry out the synthesis in the presence of a polymer or polymeric additive, which may or may not be biological in origin. In the last year nearly one hundred English journal papers have been published on this topic alone; in ten of these cases [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , vaterite, the least thermodynamically stable polymorph of CaCO 3 is formed, rather than the most thermodynamically stable form, calcite. This is analogous to the phase selection seen in biomineralized sea-shells and other structural materials.
In this paper we describe a new method for synthesizing vaterite, by allowing carbon dioxide (CO 2 ) to diffuse into a polymer film containing a source of calcium ions (calcium chloride) and discuss possible reasons why the metastable vaterite is produced instead of calcite. The polymer chosen was poly(ethylene oxide) as it has been previously been demonstrated that there is strong interaction between this polymer and growing inorganic salts causing control of phase and/or morphology 17, 18 .
EXPERIMENTAL
Poly(ethylene oxide) (PEO, M w =200, 000) and calcium chloride (CaCl 2. 2H 2 O) were purchased from Aldrich and used as received. Composite CaCO 3 /PEO films were prepared by casting a film of PEO/CaCl 2 from solutions of PEO and CaCl 2 .2H 2 O (9:1 ratio by weight to yield a total weight of 0.50 g) dissolved in 10mL distilled water. The solution was poured onto a glass microscope slide until no more solution could be applied. The solvent was then allowed to evaporate. The film was removed from the glass slide prior to the reaction using a razor blade or scalpel. The thickness of the film was between 0.1 and 0.2 mm. The film was then placed in dessicator and suspended above a beaker containing solid ammonium carbonate ((NH 4 ) 2 CO 3 ) as the source of CO 2 . After twenty four hours the films were removed and analyzed by optical microscopy and X-ray diffraction (XRD). In addition to this a beaker of CaCl 2 solution was also placed in the dessicator with (NH 4 ) 2 CO 3 , the white precipitate that begins to form almost immediately was filtered, dried and the X-ray pattern also taken. This experiment acted as a control.
X-ray analysis of the compounds was performed using a Rigaku Diffractometer Miniflex equipped with CuKα ((30 kV, 15 mA, λ=1.54051 Å) radiation at room temperature. Data was collected in continuous scanning mode with steps of 0.05 o (2θ) with an angular range from 2θ=10 to 70 o . The divergence slit was variable, and the scattering and receiving slits were 4.2 deg. and 0.3 mm, respectively. X-ray patterns were obtained of the starting CaCl 2 .2H 2 O powder, a pure PEO film, a PEO/CaCl 2 film, the final PEO/ CaCO 3 film and the white precipitate from the control experiment. Powder X-ray diffraction (XRD) data of the control experiment was collected on a PANalytical X'Pert Pro using CuKα radiation again between 2θ=10 to 70 o . The sample was contained in an aluminum sample holder. Optical microscopy was done using a Leica CME.
RESULTS AND DISCUSSION
The X-ray patterns of the samples are presented in Fig. 1 . It should be noted that there is no evidence of crystallization on the polymer surface, so crystallization has to have occurred within the polymer film; this was deduced by optical microscopy studies. By comparing patterns a with b and c, it is clear that the PEO reflections dominate the pattern of the PEO/CaCl 2 starting material. Upon subsequent exposure to CO 2 however there is a distinct change in the pattern (d). Analysis of pattern d is presented in Table 1. e-mail michaelpitcher@gmail.com Relative Intensity The figure shows that, again, the pattern is dominated by the PEO reflections, however there are new reflections, which are neither the CaCl 2 starting material nor calcite (control -pattern e (note: the small peaks at 2θ = 38, 45 and 65 belong to the aluminum sample holder)) but which were determined to be vaterite (ICDD Card No: 74-1867) ( Table 1) .
The question is why is the metastable vaterite formed in the presence of the polymer, but calcite in the absence of PEO? There are reports where crystallizing an inorganic phase inside a polymer has produced high-pressure phases of cadmium sulfide 19 , novel and high-pressure phases of lead sulfide 20 and in one instance the formation of crystalline lithium niobate without the application of heat 21 . It is suggested that "the density or rigidity of the matrix regulates the phase of the crystals that form, predominantly by a "solid state" densification effect, whereby the solid state of the polymer matrix acts to confine growth spatially such that the growing crystal is forced to adopt a more dense form than it would in solution growth, resulting in the formation of high-pressure phases" 22 . In this work, however, this is unlikely to be the explanation for vaterite formation, for two reasons. Firstly, vaterite is not the most dense form of CaCO 3 (aragonite > calcite > vaterite) and secondly, vaterite is not, to the best of our knowledge, the high-pressure phase of CaCO 3 ; although to date, we have only been able to find one phase diagram of CaCO 3 23 in existence. So an alternative explanation has to be found; one theory that is often seen in literature reports when vaterite is formed is that there is some kind of stabilization of the vaterite phase which stops it transforming to calcite, or growth inhibition of the stable calcite 24 . This theory works very well but still does not explain why vaterite is formed in the first instance. A possible, perhaps more convincing argument is that there is some effect on the surface energy of the growing crystal, which affects the phase into which it first crystallizes. The pioneering work of Navrotsky and co-workers has shown that the different polymorphs of various inorganic minerals, including alumina 25 , titania 26 and zirconia 27 have different surface energies, which in turn is a key contributing element to the stability of that form. Also the elegant work by De Yoreo, Orme and co-workers has shown that, specifically in the case of CaCO 3 , the binding of amino acids (the building block of biological polymers; polypeptides) changes the free energies of the step edges of calcite crystal thus altering "the energy landscape" 28 . To prove or disprove such a theory is beyond the scope of this work, but one aspect remains surely certain and that is that the energetics of crystal growth in a polymer are likely to be very different than crystal growth by precipitation or other routes. Our studies continue in this area by looking at the stability of the vaterite formed in the polymer films and attempting to follow the crystallization/crystal growth by transmission electron microscopy.
CONCLUSIONS
Vaterite, the least thermodynamically stable form of CaCO 3 has been formed by a new method carrying out crystallization within a polymer film. This formation of a metastable or thermodynamically unfavorable phase has been seen by other workers with a variety of different inorganic minerals; possibly indicating that such a methodology might be used for the synthesis of other technologically important materials e.g. cubic boron nitride under similarly mild conditions.
